Projective measurement of a single nuclear spin qubit by using two-mode cavity QED 
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We report the implementation of projective measurement on a single 1/2 nuclear spin of the ^^^Yb 
atom by measuring the polarization of cavity-enhanced fluorescence. To obtain cavity-enhanced fluo- 
rescence having a nuclear-spin-dependent polarization, we construct a two-mode cavity QED system, 
in which two cyclic transitions are independently coupled to each of the orthogonally polarized cav- 
ity modes, by manipulating the energy level of ^^^Yb. This system can associate the nuclear spin 
degrees of freedom with the polarization of photons, which will facilitate the development of hybrid 
quantum systems. 

PACS numbers: 03.67.Lx, 42.50.Ex, 42.50.Pq 



Alkaline- earth- like atoms are considered as a promis- 
ing candidate for use as a robust qubit in quantum in- 
formation science and for the realization of atomic clocks 
[l| owing to their unique energy- level structures. For 
fermionic species, the nuclear spins in the ground 
state can store quantum information while avoiding the 
decoherence caused by the magnetic field fluctuation. 
The presence of metastable excited states opens up 
further possibilities for the optical manipulation of quan- 
tum coherence [l, By harnessingthese features, novel 
schemes for quantum computing [j-[6| and a quantum 
simulator [7] using an optical lattice have been proposed 
and extensively studied 

Another interesting approach is to combine a single 
atom with a cavity QED system, which provides an ex- 
cellent control of the interactions between single atoms 
and single photons [9*, ^10^. By using such a combination, 
nuclear-spin-dependent coupling with the light field can 
be realized, thus enabling nuclear spin engineering using 
photons. So far, by tuning the cavity resonance to the 
transition between one nuclear spin state of ^5*0 and one 
magnetic substate of ^Pi in ^^^Yb, fast detection with 
high fidelity ll|, |l2[ and cavity-enhanced Faraday rota- 



13| have been demonstrated for single 1/2 nuclear 



tion 
spin. 

In this Letter, we construct a two-mode cavity QED 
system with ^^^Yb, in which the two independent cyclic 
transitions in ^S'o(/ = l/2)-'^Pi{F' = 3/2) are coupled 
to each of the orthogonally polarized cavity modes. To 
avoid unwanted spin flips in the ground state, the energy 
levels of the magnetic substates of ^Pi{F' = 3/2) are 
manipulated by irradiation with a beam that is slightly 
detuned from the ^Pi(P' = 3/2)-^Di{F' = 1/2) transi- 
tion. By using this setup, the projective measurement on 
a single 1/2 nuclear spin is performed by detecting the 
polarization of the cavity-enhanced fluorescence. In prin- 
ciple, our method enables us to not only distinguish be- 
tween the spin up and down but also detect the absence of 



atoms in real time by monitoring the photon counts. This 
setup can be applied to an entanglement beam splitter 
[14] to create the photon-spin, photon-photon, and spin- 
spin entanglements. It can also be applied to achieve a 
nuclear-spin-dependent strong transition in the electron 
shelving technique [15] used to determine clock transi- 
tions 

Figure 1(a) shows the relevant energy levels of ^^^Yb. 
The magnetic substates mj = ±1/2 of the ground state 
^So{I = 1/2) are used as the nuclear spin qubit and are 
denoted as |t) and |^). To avoid unwanted spin flips, the 
energy levels of ^Pi{F' = 3/2) are manipulated using the 
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FIG. 1: (color online) (a) Relevant energy- level diagram of 
"^^"^Yb. It) and |t) denote the magnetic substates mi = ±1/2 
in the ground state of ^So(I = 1/2). (b) Schematic of the 
experimental apparatus. MOT: magneto-optical trap, A/4 
plate: quarter- wave plate, PBS: polarizing beam splitter, 
SPCM: single-photon-counting module. 
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ac Stark effect. The substates mi?/ = ±1/2 are shifted by 
irradiation with a 7r-polarized beam, which is nearly res- 
onant with the 2Pi(F' = 3/2)-^Di{F' = 1/2) transition 
(wavelength of 1539 nm). The two substates mj = ±1/2 
of ^6'o(/ = 1/2) are independently coupled to each of the 
cavity fields with (j+ and <j_ polarizations. Therefore, 
a frequency-degenerate but polarization-nondegenerate 
two-mode cavity QED system is constructed. Because 
the polarization of the cavity-enhanced fluorescence de- 
pends on the nuclear spin state, the projective measure- 
ments of It) and 1^) are accomplished by detecting the 
polarization of the emitted photons. 

In our system, the transition between excited states 
3Pi(F' = ?>/2)-^Di{F' = 1/2) is employed to manipu- 
late the energy levels of ^Pi{F' = 3/2) for the following 
reasons. First, one can easily prevent the dark counts 
induced by the stray light from the light-shift beam, be- 
cause the wavelength of the light-shift beam is different 
from that of the cavity-enhanced fluorescence. Second, 
the nuclear spin states are not disturbed by the light-shift 
beam. 

Our experimental setup is shown in Fig. 1(b). ^^^Yb 
atoms are prepared by using Zeeman slowing and the 
double magneto-optical trapping techniques; for details, 
see Ref. [jj. After the atoms are released from the 
magneto-optical trap (MOT) located 7 mm above the mi- 
crocavity, the atoms are introduced into the cavity mode 
by gravity in 30 ms. The intracavity atom number is ad- 
justed by changing the loading time of the MOT. During 
the free fall, each nuclear spin is prepared in |t) or ||) by 
the optical pumping with the cr+ or cr_ polarized beam, 
which is resonant with the ^So{I = l/2)-^Pi{F' = 1/2) 
transition (wavelength of 399 nm). Our cavity consists 
of two concave mirrors with a radius of curvature of 50 
mm, and the TEMqo waist size is 19 /im. The average 
transit time in the cavity is approximately 100 /is. The 
cavity length is stabilized to 150 /im by using FM side- 
band methods with a lock beam at 560 nm, which is 
red detuned by four free spectrum ranges of the cavity 
from the resonance of the ^So{I = l/2)-^Pi{F' = 3/2) 
transition (wavelength of 556 nm). The relevant atom- 
cavity parameters are (^o,^,7)/27r = (2.8,4.8,0.091) 
MHz, where go is the maximum atom-cavity coupling 
rate, hi is the cavity decay rate [the half width at half 
maximum (HWHM) of the cavity resonance], and 7 is 
the atom decay rate of the ^So{I = l/2)-^Pi{F' = 3/2) 
transition (half of the natural line width). 

The y-polarized excitation beam at 556 nm, which 
can be decomposed into (j+ and a- components, and 
the TT-polarized light-shift beam at 1539 nm are shined 
simultaneously on the atoms in the microcavity in or- 
der to perform the projective measurement. Here, the 
quantization axis is chosen to be in the z-direction. The 
It) or It) state is excited, and photons are emitted into 
the cavity mode. The emitted photons are detected by 
single-photon-counting modules [labeled as SPCMcr+ and 
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FIG. 2: (a) Hyperfine spectroscopy on the ^Di state of Yb. 
The fluorescence from the MOT are collected by a photomul- 
tiplier while shining the light-shift beam, (b), (c) The cavity- 
enhanced fluorescence spectrum. The atoms are irradiated 
(b) without and (c) with the light-shift beam. The frequencies 
of both the excitation and the lock beam are simultaneously 
changed. 

SPCMcT- in Fig. 1(b)], after selecting the polarization of 
photons by using a quarter- wave plate (A/4) and a polar- 
izing beam splitter (PBS) and removing the lock beam by 
using the gratings. All the photons emitted into the cav- 
ity mode are detected, with a total detection efficiency 
of r]t = 20 % per scattered photon. The dark counts at 
SPCM<j+ and SPCM<j_ are 1 and 0.5 ms~^, respectively, 
which are mainly caused by the stray light from the lock 
beam. 

We carried out spectroscopy to tune the frequency of 
the light-shift beam to a value around the resonant fre- 
quency with the ^Pi(F' = 3/2)-^Di{F' = 1/2) transi- 
tion. In this spectroscopy, the fluorescence at 556 nm 
scattered from the MOT is detected by a photomulti- 
plier, and the beam at a wavelength of 1539 nm is di- 
rected at the MOT. Figure 2(a) shows the 556-nm flu- 
orescence counts as a function of the detuning of the 
beam at a wavelength of 1539 nm, whose intensity is 100 
/iW and the beam waist is a few millimeters. As shown 
in Fig. 2(a), the photon counts are drastically reduced 
when the frequency is resonant on the hyperfine transi- 
tion. When the frequency is resonant on the hyperfine 
transition, the trapped atoms are excited to the ^Di state 
and they decay to the ^Pq state with a branching ratio 
of 64 % [19]. Because the atoms in the ^Pq state cannot 
be trapped by the MOT, the intensity of the fluorescence 
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decreases dramatically. The hyperfine resonances of the 
^Pi(F' = ?>/2y^Di{F' = 1/2) and {F' = 3/2) transitions 
are identified from this measurement. 

T houg h the decay rate of the ^Pi-^Di transition is 16 
kHz [20[, wide dips are observed, as shown in Fig. 2(a) 
(the HWHM is approximately 100 MHz). It should be 
noted that the power broadening caused by the probe 
beam is only of the order of a few megahertz. This effect 
can be interpreted using a simple rate equation for the 
MOT atom number which is derived from the MOT 
loading rate the one-body decay rate Fq (mainly due 
to the background gas collisions), and the scattering rate 
from the ^Di state Fi. The rate equation is given by 
dN/dt = i?— (Fo + 7?Fi)A^, where r] is determined by mul- 
tiplying the population of the ^Pi state with the branch- 
ing ratio to the ^Pq state. The steady-state solution thus 
becomes N = R/ (F0+77F1). In this equation, when 77F1 is 
comparable with Fq (Fq ^ 0.5 s~-^ in our experiment), N 
decreases dramatically. From the steady-state solution, 
the dip width is calculated to be 100 MHz for a power 
density of 3 mW/cm^; this power density is in reasonable 
agreement with our experimental value. 

Figure 2(b) and (c) shows the cavity-enhanced fiuores- 
cence spectra without and with irradiation, respectively. 
Here, the power of the excitation beam is 1.8 /iW. The 
light-shift beam is set to the maximum available power of 
9 mW, and the frequency is red detuned by 300 MHz from 
the 3Pi(F' = 3/2)-^Di{F' = 1/2) transition. The beam 
waist size of the light-shift beam {wi ^ 50 /im) is set 
larger than that of the excitation beam {we ~ 25 /im), so 
that the light-shift beam reliably overlaps the excitation 
beam inside the cavity. It should be noted that the tran- 
sition strengths between ^5'o(/ = 1/2) and tuf' = ±3/2 
of ^Pi{F' = 3/2) are three times larger than that be- 
tween ^5*0 and tuf' = ±1/2. The observed fiuorescence 
is mainly emitted from the ttif' = ±3/2 states. Thus, 
the shift in the spectrum in Fig. 2(c) refiects the shift 
in the energy level in m^' = ±3/2 of ^Pi{F' = 3/2) and 
is mainly caused by the coupling between ^Pi{F' = 3/2) 
and ^Di{F' = 3/2). A peak shift 6±s/2 of ±8.5 ± 1.0 
MHz is obtained from the spectrum in Fig. 2(c), which 
is reasonably consistent with the theoretically calculated 
value of 6.8 MHz. The light shift S±i/2 in tuf' = ±1/2 
of ^Pi{F' = 3/2) is calculated to be -16 ± 1 MHz by 
using the relationship between the transition strengths 
of hyperfine substates. From the values of ^±1/2 and 
^±3/2 7 the frequency difference between tuf' = ±1/2 and 
rriF' = ±3/2 in ^Pi is evaluated to be 24 ± 2 MHz. 

While the observed spectrum in Fig. 2(b) shows a 
symmetrical distribution, a long tail appears on the left 
side of the distribution in Fig. 2(c). We calculated the 
spectrum shape by considering the Gaussian intensity 
distribution of the light-shift beam, which induces the 
spatially varying light-shift strengths. The dotted curve 
indicates the calculated spectrum shape for wi = 50 /im 
used in this experiment, and it is quite different from 
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FIG. 3: (color online) Scattering diagrams of cr+ and cr_ 
counts (a) without and (b) with irradiation of the light-shift 
beam. The blue squares (red circles) correspond to |t) (li))- 



the experimental results. However, we can simulate the 
long tail of the distribution for the reduced wi] that is, 
the solid curve is for wi = 20 /im. We infer that the 
additional spatial intensity modulation is caused by the 
Fresnel diffraction by the concave mirrors or the imper- 
fect overlap of the excitation beam with the light-shift 
beam due to the misalignment of the propagation axes. 

To show that the unwanted spin fiip rate in the ground 
state is reduced by the irradiation of the light-shift beam, 
we measured cr+ and cr_ counts for the cases with and 
without irradiation. Figure 3 shows the scatter plots of 
(7+ and cr_ counts for the |t) (red circles) and ||) (blue 
squares). The average number of photon counts for a 
single atom transit is approximately 5.5 counts/atom. In 
this measurement, a few atoms pass through the cavity 
mode during a single measurement window of 2 ms, so 
that the number of photon counts obtained is sufficiently 
high to neglect the influence of dark counts at the two 
detectors. It should be noted that the mean intracavity 
atom number is much less than unity. The frequency 
of the excitation beam is set to each resonance value of 
the cavity-enhanced spectra obtained in Fig. 2(b) and 
(c). When the light-shift beam is not injected into the 
cavity, (j+ and a- counts are positively correlated with 
the correlation coefficient of 0.58 and 0.70 for |t) and |^), 
respectively [Fig. 3 (a)]. The same number of cr+ and 
cr_ photons are emitted regardless of the spin states of 
atoms. This is because of the random spin ffip induced 
by the degenerated all substates of ^Pi(P' = 3/2). When 
the light-shift beam is injected into the cavity [Fig. 3 (b)], 
the correlation between <j+ and (T_ counts is dramatically 
reduced, where the correlation coefficients are 0.38 and 
0.11 for It) and ||), respectively; that is, the polarization 
of emitted photons strongly depends on the initial spin 
state. 

Figure 4 shows the results of projective measurements 
at the level of a single atom. The spin states are |t) and 
\D for Fig. 4(a) and (b), respectively. The average tran- 
sit atom number is approximately 1.0 and 1.2 per single 
measurement for the |t) and ||) states. We deflne the sig- 
nal to noise ratio (SNR) of the projective measurement 
as the desired counts divided by the undesired counts. 
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FIG. 4: Projective measurements of nuclear spin qubit. The 
initial states are (a) |t) and (b) |^). The blue and red bars 
indicate cr+ and cr_ counts, respectively. 




5 10 15 

Light-shift beam power (mW) 



20 



FIG. 5: (color online) Theoretically calculated SNR. A Gaus- 
sian profile with wi = 50 /xm is assumed. The inset shows the 
calculated SNR versus wi, where the peak intensity of the 
light-shift beam is constant for all wi. 



e.g., G^jo- counts for the initial spin The SNRs for 
the initial spin \\) and ||) are 4.2 and 2.2, respectively. 

We simulated the SNR using the master equation with 
adiabatic approximation [2l[. In this simulation, the in- 
fluence of dark counts at the detectors is not taken into 
account. Figure 5 shows the theoretically predicted SNR 
as a function of the light-shift beam power. Although a 
further improvement in the SNR is expected by increas- 
ing the available intensity of the light-shift beam, there 
is a discrepancy between the predicted SNR of 8.7 and 
the experimental values of 5.1 and 3.5 obtained after the 
subtraction of the dark counts at the detectors. The inset 
of Fig. 5 shows a graph of the predicted SNR versus wi. 
From this graph, one can see that the SNR is sensitive 
to variation in the spatial intensity. Thus, we can quali- 
tatively explain the discrepancy between the theoretical 
and experimental values by the additional intensity mod- 
ulation and the misalignment of the propagation axes of 
the counter-propagating beams. 

In conclusion, we have reported the construction of 
a two-mode cavity QED system, in which the ac Stark 
effect of the '^Px{F' = 3/2) state and ^Di{F' = 1/2) 
states is used to avoid the unwanted spin flips. The po- 
larization of emitted photons depends on the nuclear spin 



state. By utilizing fluorescence having a nuclear-spin- 
dependent polarization, we have performed a projective 
measurement on a single nuclear spin of ^^^Yb atoms. 
Our method, described in this paper, will facilitate ap- 
plications in quantum information communication tech- 
nology and metrology, such as quantum networks using 
the nuclear spin and spectroscopic measurements for the 
alkaline-earth-like atoms. 
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